The ability of bacteria to adhere to the intestinal epithelial cells is one of the main criteria for selection of new probiotic strains. Some dietary polyphenols have been proven to affect bacterial adhesion, providing a rationale for the use of mixtures of polyphenols and probiotics. Resveratrol, a naturally occurring stilbene in plants, has been shown to have a number of beneficial biological effects. The adhesion ability of four Lactobacillus strains (Lactobacillus brevis, L. fermentum, L. gasseri, and L. plantarum), in the presence of resveratrol, has been investigated in an in vitro model based on mixed co-culture of Caco-2 and HT29-MTX intestinal epithelial cells. The effective concentration of resveratrol used in the adhesion experiment has been selected based on cytotoxicity test. Resveratrol at three physiologically low concentrations (4.5, 2.25, and 1.125 µg ml -1 ), added together with the bacterial suspension, had no statistically significant influence on the adhesion of any strain (P < 0.05).
INTRODUCTION
Stilbenes are phenolic compounds characterized by the presence of a 1,2-diphenylethylene nucleus with hydroxyls substituted on the aromatic rings (F r e s c o et al., 2006; H a n et al., 2007) . The most studied and well-known is resveratrol (3,4′,5-trihydroxystilbene), which is found in a wide range of plants including wine grape skin (Vitis vinifera), peanuts (Arachis hypogaea), and several medicinal plants (C a l a m i n i et al., 2010; L i n et al., 2011; P i o t r o w s k a et al., 2012). Historically, resveratrol from red wine has been associated with the French paradox (R e n a u d , d e L o r g e r i l , 1992), a low incidence of cardiovascular disease despite high saturated fat intake in Mediterranean diet. Currently, many studies have confirmed its antioxidant, antibacterial, antifungal, anti-atherogenic, cardioprotective, neuroprotective, and antitumour or chemopreventive activity in vitro (F r e m o n t , 2000; P a r k et al., 2001; P i o t r o w s k a et al., 2012; B i a i s et al., 2017). Moreover, resveratrol may have a neuroprotective effect against Alzheimer's disease due to its ability to inhibit the aggregation of amyloid-β peptide (Aβ) (R i v i e r e et al., 2007) .
Currently, resveratrol is marketed as various food supplements.
Based on rodent studies, resveratrol intake has been associated with healthy body weight, visceral adipose weights, and blood glucose and lipid levels (Q i a o et al., 2014; B i r d et al., 2017) . It has been shown to change the microbiota composition, inhibit growth of non-beneficial bacteria, and potentiate the growth of probiotic bacteria (Q u e i p o -O r t u n o et al., 2012). As the health effects of polyphenols are often associated with the composition of gut microbiota (B u s t o s et al., 2012; C u e v a et al., 2017), any additional knowledge of the interaction between known bacteria and polyphenols would be of high scientific value.
Diet has an important influence on intestinal microbiota and polyphenols are an abundant group of phenylpropanoid constituents in plant-based food. Several studies from recent years indicate the effect of polyphenols on compositional changes of intestinal microbiota in vitro and in vivo (P a r k a r et al. The primary objective of this study was to determine the effect of resveratrol on the adhesion of four potential probiotic Lactobacillus strains (Lactobacillus plantarum, L. gasseri, L. fermentum, and L. brevis) in colon epithelial cell model. The secondary objective was to assess the adherence potential of the four potentially probiotic strains in a Caco-2/HT29-MTX model. To our knowledge, this is the first study focused on bacterial adhesion in this model in presence of resveratrol.
MATeRIAL AND MeThODs

bacterial strains
Bacterial strains (obtained from Czech Collection of Microorganisms) used in this experiment were: L. plantarum (MILCOM 195; unknown) , L. gasseri (DSMZ 20243; human) , L. fermentum (CCM 91; unknown) , and L. brevis (CCM 3805; human faeces).
Cell cultures
Of the human epithelial intestinal cell lines, Caco-2 cell line was obtained from the American Type Tissue Collection (Rockville, Maryland, USA), and the HT29-MTX cell line was purchased from Sigma-Aldrich (Prague, CZ). Caco-2 cells were used in experiment at passages 20-25 and the HT29-MTX cells were used at passage 35-40. Both cell lines were grown in Dulbecco's modified Eagles medium (DMEM-F12) supplemented with 10% foetal bovine serum (FBS), 1% nonessential amino acids, 100 U ml -1 penicillin, and 100 µg ml -1 streptomycin, all obtained from Sigma-Aldrich. Cell culture bottles were kept at 37°C in a thermostat with humidified atmosphere containing 5% (v/v) CO 2 . The medium was changed every 2-3 days.
Preparation of bacterial suspension
The lactobacilli were grown overnight in WilkinsChalgren anaerobe broth (Oxoid Ltd., Basingstoke, UK) at 37°C under anaerobic conditions. Prior to the assay, bacteria were centrifuged (2000 rpm, 10 min) and washed three times with phosphate buffer saline (PBS) (Sigma-Aldrich). The bacteria were then resuspended in PBS at concentration of 10 8 colonyforming units (CFU) ml -1 determined from their optical density at 600 nm (Infinite M200; Tecan Austria GmbH, Grödig, Austria).
Preparation of resveratrol
Resveratrol was obtained from Sigma-Aldrich and the stock solution of concentration 10 mg ml -1 was prepared in dimethylsulfoxide (DMSO) (Sigma-Aldrich). Prior to the adhesion experiment, working solutions of resveratrol were prepared in DMEM, without any sup- plement, at concentrations of 5, 2.5, and 1.25 µg ml -1 , and aliquots were applied to the cells. The final concentrations of resveratrol after addition of bacterial suspension have been 4.5, 2.25, and 1.125 µg ml -1 .
MTT cytotoxicity assay
The viability of the mixed co-culture Caco-2/ HT29-MTX was evaluated using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma-Aldrich) cytotoxicity assay. Cell lines were seeded in 96-well plates at a density of 4 × 10 4 cells per well and incubated for 24 h at 37°C in a 5% CO 2 -humidified atmosphere. Two-fold serial dilution of resveratrol (0.125-256 µg) was applied for 72 h. Subsequently, the medium was replaced by MTT reagent (1 mg ml -1 ) in DMEM, and plates were incubated for additional 2 h. The culture supernatants were then aspirated and the formazan product was dissolved in DMSO. Absorbance was measured at 555 nm using a Tecan Infinite M200 reader (Tecan Austria GmbH).
The absorbance values were then plotted against cell mortality and used to determine the inhibition concentrations IC 50 and IC 10 values.
Adhesion assays
The adhesion assay was performed according to Vo l s t a t o v a et al. (2017) with slight modifications. Mixed co-culture of Caco-2 and HT29-MTX cell lines was seeded in 24-well culture plate at concentration of 3.6 × 10 4 Caco-2 cells and 0.4 × 10 4 HT29-MTX cells per well. They were grown for 14 ± 1 days at 37°C in a 5% CO 2 -humidified atmosphere in DMEM supplemented with 10% FBS, 1% nonessential amino acids, 100 U ml -1 penicillin, and 100 µg ml -1 streptomycin. The culture medium was changed every second or third day. Before the experiment, the medium was washed three times with PBS, without disrupting the monolayer. Thereafter, the monolayer was overlaid with 900 µl of resveratrol solution (5, 2.5, and 1.25 µg ml -1 ), or medium (without supplements) as a control, and 100 µl of bacterial suspension in PBS at concentration of 10 8 CFU ml -1 . For each bacteria and concentration six replicates were set. The plates were incubated for 2 h at 37°C and %5 CO 2 -atmosphere. After the incubation, wells were gently washed three times with PBS to remove non-attached bacteria, and trypsinised by the addition of 300 µl of 1% Triton-X100 (SigmaAldrich) per well for 30 s, followed by 700 µl PBS. The remaining suspensions with viable adhered bacteria were diluted (L. brevis and L. fermentum 50-500×, L. gasseri and L. plantarum 500-2500×) and seeded on petri dishes with Rogosa agar (Oxoid Ltd.). CFU were counted after 72 h of aerobic incubation at 37°C. The adhesion was determined as a percentage of adherent bacteria over the total bacteria added.
statistical analysis
Statistical analysis for MTT tests was performed using Magellan TM software (Tecan Group, Männedorf, Switzerland). Two-way analysis of variance (ANOVA; P < 0.05) was employed using STATISTICA 12 program to evaluate the statistical influence of resveratrol on bacterial adhesion. Data are expressed as mean ± standard error and the posteriori comparison was analysed by the Scheffe's test.
ResULTs
Resveratrol exhibited high cytotoxicity towards Caco-2/HT29-MTX co-culture, as seen from IC 50 and IC 10 values of 13.60 ± 0.16 and 3.56 ± 0.36 µg ml -1 , respectively (Fig. 1) ; these values have been used to design adhesion experiments with effective concentrations. There were significant differences in the adhesive properties of the tested strains (Fig. 2) . The highest ability to adhere was shown by L. gasseri followed by L. plantarum; from the initial 10 7 cells per ml -1 applied on the monolayer, average adhesion was 18.96 and 7.26%, respectively. The other two strains, L. brevis and L. fermentum, showed very low adhesion of 1.09 and 0.36%, respectively.
Resveratrol at three physiologically low concentrations of 4.5, 2.25, and 1.125 µg ml -1 , added together with the bacterial suspension, had no statistically significant influence on the adhesion of any strain (P < 0.05). 
DIsCUssION
The ability of bacteria to adhere to the intestinal epithelial cells is one of the main criteria for selection of new probiotic strains, together with other features, such as survival in simulated gastrointestinal conditions or production of antimicrobial substances (M a k i n e n et al., 2012). In vitro cell models form a widely established platform for screening of bacterial adhesion capabilities, prior to in vivo trials. Different cell lines, used as an in vitro model of human colon, include Caco-2, HT 29, T-84, and others. However, the co-culture of Caco-2/HT29-MTX, seeded in the ratio of 9 : 1 (Caco-2 : HT29-MTX) provides an advanced model, mimicking the real ratio of Goblet cells to absorbing epithelial cells in the healthy tract (L a p a r r a , S a n z , 2009; Vo l s t a t o v a et al., 2015, 2017) , and producing mucin. Presence of this glycoprotein results in spatially rich network of binding sites and substrate moieties for commensal microbiota (C a r r i e r e et al., 1995), similar to that in the gut.
In our study, both L. gasseri and L. plantarum showed high ability to adhere to an in vitro Caco-2/ HT29-MTX co-culture. This is in agreement with numerous in vivo studies investigating the capabilities of Lactobacillus strains to colonize human intestinal mucosa after oral administration. Both strains, L. gasseri (F u j i w a r a et al., 2001) and L. plantarum (J o h a n s s o n et al., 1993, 1998) , were among the species with high colonising properties, and were consistently found in faeces after withdrawing the oral administration.
Previously, L. gasseri showed moderate adhesion in an in vitro model based on HT-29 cell line (12.05 ± 1.34%) (W a n g et al., 2008). In the same model, L. plantarum and L. brevis showed poor adhesion ability of 6.14 ± 0.85% and 3.75 ± 0.50%, respectively. Adhesion of L. plantarum to Caco-2 cell line model has shown to be either 6.7 ± 1.4% (T u o m o l a , S a l m i n e n , 1998) or 8.51 ± 2.46% (B i a n c h i et al., 2004) .
The adhesion of probiotic strains can be significantly affected by the presence of dietary polyphenols in their administration. Recent studies have suggested that the health benefits of polyphenols might arise from their interactions with the gut microbiota (B u s t o s et al., 2012; C u e v a et al., 2017) . It is well proven that some dietary polyphenols and/or their metabolites can stimulate the growth, proliferation, and adhesion ability of commensal bacteria and inhibit the growth and adhesion of gut pathogens (P a r k a r et al., 2008; L a p a r r a , S a n z , 2010).
A study by B u s t o s et al. (2012) showed that the effect of polyphenols is inconsistent, thereby suggesting high specificities. Most of them do not show any effect, but some seem to stimulate adhesion of selected strains to certain types of cell lines. For example, epigallocatechin increased the adhesion of L. casei to Caco-2 cells while procyanidins B1 and B2 increased its adhesion to HT-29 cells. The adhesion of L. acidophilus to Caco-2 cells has shown to be increased by epigallocatechin gallate. This implies that the effect of dietary polyphenols on bacterial adhesion depends on the Lactobacillus strain and the cell line in consideration. The lack of resveratrol activity, seen in our study, might be valid for the strains used, and therefore, the effect on other strains, not included in our panel, cannot be ruled out. A recent study (C e l e b i o g l u et al., 2017) has investigated the effect of some common dietary polyphenols, including resveratrol, on adhesive capacity of L. acidophilus toward mucin and HT-29 cells. In their model, resveratrol significantly increased adhesion of this Lactobacillus sp. to both mucin and HT-29 cells at 100 µg ml -1 , and has been proven to be one of the most effective among all polyphenols tested, owing to the possible changes in surface protein expression. However, concerns remain about the physiological relevance of the concentrations used.
CONCLUsION
In conclusion, our results have shown significant differences in the adhesion ability between Lactobacillus strains, however the main hypothesis that resveratrol increases bacterial adhesion was not confirmed. Among the tested lactobacilli, the highest adherence was shown by L. gasseri, followed by L. plantarum, thereby suggesting their potential for use in probiotic supplements. Even though resveratrol has not shown any effect on adhesion of our tested bacteria, many in vitro and rodent studies from last years have already shown that resveratrol intake may provide some health benefits through modulating gut microbiota and consequently contribute to the prevention of selected non-communicable diseases. The future research should be aimed at exploring this effect. 
